A flexible superconducting power transmission cable in under development.
Results are given for both smallsample tests and a model cable fabricated commercially. The results are compared with those obtained by other workers and the design of the next test cable is given.
INTROIUJ CTION
The work at Brookhaven National Laboratory (BNL) in this field started as a result of a design study for a superconducting, helium-cooled, power transmission cable.
After a review of contemporary development throughout the world it was concluded that a flexible cable o4fered the best technical and economic features,i 1-The subsequent examination of actual underground transmission systems under construction or consideration by electric utility companies has reinforced the validity of the basic design features.721 The choice of a flexible, forced-cooled cable thus sets the general guide for a dielectric development program. In any device designed for low temperature operation great care must be taken to avoid excessive dissipation within the low-temperature environment because the heat must be pumped away by the refrigerator.
The inefficiency of this process results in an apparent loss, represented by the power input to the cooling system, which must be optimized within the general framework of the overall operating cost of the complete system. Considerations of this nature lead to the early rejection of many insulating materials, including kraft paper This problem is avoided by using thin tapes applied in a helical winding; the pitch angle is chosen to produce a radial contraction which matches other cable components.
The conductors of a superconducting cable are cooled by supercritical helium which also permeates the butt spaces between the insulating tapes.
During the first part of the development program test apparatus was constructed which enabled short samples about two feet long to be tested in a coaxial configuration located within an approp i te high-pressure, low temperature helium environment. L3J The apparatus allowed us to make quick comparative tests of many possible materials and lead to the early rejection of synthetic paper tape.
The poor discharge inception level of this tape illustrates the crucial difference between liquid impregnation and gas impregnation.
With liquid impregnation it is usual to find the dielectric contstant of the tape and impregnant are nearly equal,thus stress intensification within the butt space or at interfaces is avoided.
With synthetic paper tape this problem is exacerbated because of the numerous voids within the tape. It was found that solid film made of various polymers gave the best promise of a successful design. In choosing the best material for this application acompromise has to be made between acceptable electrical ad mechanical characteristics.
For example, polyethylene has excellent, low loss, electrical properties but in a pure form it is relatively weak and hard to wind. Vari In order to determine the feasibilityof furtherincreasing the "n" value of polyethylene by modifying the tensile modulus of this plastic, a short-term contract was placed with the Polymer Chemistry section of Battelle to perform a literature search and theoretical study of the possibility of producing high modulus, high strength polyethylene tapes. This literature search revealed that the theoretical modulus of highly crystalline polyethylene is 1.45 x 107 psi (1.02 x 106 kg/cm2)a value several orders of magnitude greater than the modulus normally found with standard, nonoriented, high density polyethylene (HDPE).
The conclusions reached in the BCL study are that the tensile modull of both polyethylene and polypropylene can probably be increased by a factor of 10 or more by orienting these films to a much greater degree that is normally employed. The variables to be manipulated in this endeavor would be the draw ratio, degree of crystallinity, molecular weight, and processing temperature.
The first very high modulus polyethylene (VHMPE) samples fabricated for BNL by BCL, were found to possess tensile moduli of 1 x 106 psi (70.3 x 103 kg/cm2). Assuming that the compressive modulus, E , remained constant during orientation this increase In the value of E1 would lead to "n" values of approximately 500.
In order to develop a tape that will possess mechanical properties which match those of kraft paper, embossing techniques are also under consideration. Reduction of the compressive modulus, E1, by a factor of two should lead to final "n" values of approximately 1000.
Although a gross embossing pattern appears to give rise to unacceptably high partial discharge activity (see the section on short sample tests), very fine patterns may be a compromise solution.
As an interim measure, while the high modulus materials are undergoing development, BNL is studying commercially available intermediate modulus,3-5 x 103 psi (21-35 x 103 kg/cm2) polypropylene films, comprising several one mil (0.025 mm) thick films laminated together to provide the proper tape thickness.
In terms of shielding materials Brookhaven has developed two novel types of screening tapes. The first, an aluminized polyethylene tape with 3/32" (2.4 mm) wide borders on either side,has already been demonstrated to be an effective aid for raising partial discharge inception levels.
The second tape is a carbon-loaded, compressible, porous Teflon film.
This material simultaneously acts as a screen and as a compressive bedding layer.
Radiographic Analysis
Nondestructive radiographic analysis of the insulation of both conventional and plastic lapped cables is now routinely used as part of the BNL cable development program. The microfocus x-ray system has been shown to have several important alplications for use with both types of lapped cables. L12J One major use of the system will be as a quality control device for monitoring the lapping precision in effect during fabrication of cables. Another application of the microfocus x-ray appears to be as a probe with which to locate wrinkles,soft spots, and various defects present in cables that have experienced severe thermomechanical bending in the field. This gap in the region of high field stress is unacceptable and would drastically weaken the cable. Figure 3 illustrates the mechanical damage to polysulfone insulation of a test cable that had suffered electrical breakdown during impulse testing. In addition, the mocrofocus unit has already been used in the field to locate areas of local tape migration in the paper-oil cables that have experienced thermomechanical bending. Work is in progress to incorporate a closed circuit TV monitoring system to provide more efficient use of this device.
ELECTRICAL PERFORMANCE
The key parameters which determine the electrical performance of a gas-impregnated plastic cable are partidl discharge inception, impulse strength and dissipation factor.
Partial discharges lead to erosion of the dielectric with a subsequent decrease in cable life. Also in the case of a superconducting cable partial discharges can lead to an excessive heat load for the refrigerator. The operating stress of the cable will be 10 MV/m (rms) at the center conductor with discharge inception specified to be greater than 20 MV/m (rms).
Impulse strengths greater than 100 MV/m are requied to ensure that the cable under development will pass present-day system test requirements with adequate safety margin.
For a gas-impregnated plastic cable, impulse breakdown occurs well above partial discharge inception.
It is usual to choose the dissipation factor tan 8, and the dielectric constant so that the dielectriccomponent of the refrigerator load is no greater than other sources of heat, a criteria which leads to a maximum value of tan 6 of 2 x 10-5 for practical designs, see 
where p is the gas density and d the gap depth.
The results given by the curve A in Fig. 4 show that inception is density dependent.
This variation with density is consistent with that obtained by other workers.[14,15J The plateau in the density region between 60 and 100 kg/m3 is similar to helium breakdown between smooth electrodes. The sample depicted in curve A, Fig. 4 was wound between plastic covered electrodes. Table V gives a summary of the short sample results. The discharge inception at a helium density of 115 kg/m3 and impulse withstand at a density of 100 kg/m3 are listed. The first group of samples tested in Table V were constructed using intercalated, metallized polyethylene screens[l6,172 using the standard sample construction shown in Fig. 5 .
The partial discharge results are mixed and ranged from a low of 5.5 MV/m for the embossed polycarbonate to a high of 21. 4 MV/m for the thin 1.5 mil (38 Am) polypropylene. The seemingly anomalous results for the two layer ethylvinyl acetate sample is probably due to the small number of tapes used.
In Table V Impulse strengths were good except for the embossed polycarbonate and provide an adequate margin for cable design.
Effect of Screens
In a conventional cable system it is usual to have some form of screen at both the conductor and the outside of the dielectric.
The screen, usually in the form of carbon-black paper,was introduced by Rosch.[l18 Since a superconducting cable will have a conductor consisting of tapes laid up on a core, a screen improves the breakdown characteristics of the dielectric by smoothing out roughness due to conductor tape edges. Also it has been found that helium has a lower breakdown strength when bare metal lectrqdes are present than with insulating electrodes.L14,15'1 This phenomenon is usually explained by the fact that helium breakdown is initiated by field emission of electrons from the electrodes, but emission from polymer surfaces appears inhibited. Thus a screen should ensure that in the region of high -voltage there are no metal-helium interfaces. Figure 4 provides a comparison of the results obtained from samples with different screen designs.
Tape Thickness and Butt-Gap Breakdown
Since gap breakdown voltage is purely a function of gas density and gap depth it would be expected that butt-gap depth would have a major effect on discharge inception stress. This has been found to be true; discharge inception stress increasing with decreasing tape thickness. Embossing tapes to improve their mechanical performance appears to be detrimental to dielectric performance as can be seen from Included in this group is an aluminized tape that served as a voltage screen for the cable.This tape has as its conducting member a 1 micron thick vapor deposited aluminum strip down its center. This strip is deposited along the center of the tape,leaving on either side a 3/32 inch wide nonconducting border. The purpose of these borders is to minimize the field intensity at the edge of the tape. contraction between the inner conductor and polyethylene insulation. The bedding layer was also extended under half the polysulfone section to assess its effect on this relatively brittle insulation.
Conductor Configuration
It is only necessary for the inner and outer conductors to carry the capacitive charging current during ac tests and the 1.5 x 50 Pls lighting wave surge current during impulse tests.
The cable core used was a solid segmental Pirelli core.
Whilst the thermal contraction performance and surface roughness were less than ideal for the test cable,it was readily available. This serves as the inner conductor under the polycarbonate section of the insulation and part of the polysulfone section. Where Teflon bedding was used,an aluminum-mylar laminated tape served as the inner conductor. The metallized mylar tape with insulated margins provides the inner and outer dielectric screen for all insulation sections.
Tape Winding
Problems peculiar to cable winding with smooth plastic tapes were immediately apparent when work commenced at the Anaconda plant.
The low coefficient of friction of polyethylene and Teflon caused the electronic tensioning systems an the Pirelli machines to slip and winding tensions less than two pounds could not be maintained.
Switching to heads with a mechanical tensioning system proved satisfactory. Tensions as low as 0.7 lbs could be maintained with the mechanical system. The plastic tape pads telescoped at the normal head rotational speed.
Running the machine at half speed eliminated this problem.
The polysulfone tapes had a high surface charge and easily collected dust and other air-borne debris. A commercial static eliminator proved an effective remedy. At the start of each cable section and after tension adjustments, overlays and butt spacing were deemed satisfactory,a 12 foot sample bend section was cut from the cable and bend-tested as shown in Fig. 7 , the fixture diameter is 90 x the cable diameter. Each sample section was then dissected to check for bending stresses on the tapes.
All cable sections appeared to bend satisfactory,except section B (polysulfone without bedding) which exhibited stretch marks on the insulation tapes which corresponded with the spiraled segment edges of the center conductor.
High Voltage Test Arrangement
Sections of the cable containing each type of insulation were tested in a cryogenic enclosure about 75 ft (22.5 m) long. The high-voltage was fed to the cable sample through a room-temperature to helium-temperature transition bushing and the far-end was terminated in the helium space, see Fig. 8 and 9 .
The photographin Fig.  10 shows the high-voltage feedthrough termination for the test cable.
The epoxy high-voltage feedthrough bushing serves a dual role in providing both high-voltage insulation and a temperature transition from room temperature to 6 Kelvin.
High pressure helium is fed via the epoxy cable terminal down the center conductor of the test cable to the far-end terminations.
Stress control of the ground shield (outer dielectric screen) of the cable is produced by a build-up of hand-applied insulation, which allows the shield electrode to end in a large radius on the epoxy terminal. Field control of the termination of the cable center conductor is implemented with an embedded aluminum shield in the epoxy terminal.
The test cable is a three electrode device;the armor is terminated before the stress cone and the shield electrode is brought out for loss measurements through a guard tube at the stress cone. The room-temperature end of the high voltage termination is completed with a ceramic bushing impregnated with SF6 to reduce surface discharges. Figure 9 is a schematic of the cable deadend termination in the helium space.
The details of its construction are similar to the feed-end with the exception that the high pressure helium exits from the epoxy cable terminal. Loss measurements were performed using a transformer ratio-arm bridge.
ELECTRICAL TEST RESULTS
Both the standard capacitor and bridge were calibrated by NBS and the working accuracy of the bridge was estimated to be better than 10 PPM.
In general the test cable loss measurements were greater than the small sample data provided from single sheet measurements by NBS. [20, 21] The exception to this trend is the room temperature loss of polysulfone. The loss tangent values given for the cable were measured at a 10 MV/m center conductor stress.We did not observe the precipitous rise in tan 6 as measured in small coaxial samples by French workers.[22JFurther work needs to be done on the loss mechanism in a practical cable construction with special attention to screen design.
Discharge Inception
The discharge inception performance of the test cable is well below expected levels.
Examination of the tested sections showed wrinkles in the insulation screens and deformation of insulation tapes from improper cable armoring. X-ray analysis revealed insulation tape registration and separation of the insulation from the center conductor, see Fig. 2 .
The system sensitivity for the partial discharge measurements was 0.8 pC with a typical cable capacitance of 16,000 pF.
Impulse Tests
Impulse tests were carried out using a 1.5 x 50 As wave.
When scheduling permitted, impulse tests were done at room temperature as well as helium temperature. The impulse strength recorded is the highest level at which the cable survived 10 pulses.
Most failures occurred on the first or second pulse on the next impulse level. The location of the impulse failures was usually an insulation wrinkle. The results of "cold run" on the polyethylene section are very poor in comparison withthe small sample data,and as it is the first 22 meter cable sample tested it reflected our inexperience in stress cone design.The cable impulse withstand levels compared favorably with the ac breakdown st;engths of coaxial samples tested by Bobo and Thoris[231
DISCUSSION OF CABLE RESULTS
Although the Anaconda Cable has not yielded impressive results it has been an important step in our progress toward a workable 138 kV design.
Worthwhile experience has been gained in taping plastics, taping machine performance, and accessory design. The difficulties of running a large cryogenic experiment and the importance of easy assembly of bushing and cable accessories have been made manifest. Figure 11 shows an isometric view of these BNL designs. The cable being manufactured differs slightly from that shown in that copper instead of superconducting tapes will be used. In all other respects the cable will very closely model the design of a complete cable.
This cable is similar to the one built by Anaconda as it also has three different dielectrics but it incorporates the following changes and improvements: 1) Cable core and conductor have thermal contraction in the radial direction that matches that of the dielectric. 2) Improved dielectric screen construction so that the depth of the butt spaces in the highest field regions is less than 1 mil (25.4 Am).
3) Dielectric wall thickness of 300 mil(7.62 mm)
designed so that where the double butt space depth occurs at lay direction reversals it shall be less than 2 mils (51 pLm).
4) The plastic insulation tapes shall be applied with individual tension derived from recent taping studies.
5) The cable will be sheathed such that the "go"
and "return" helium streams shall be separated by a lead jacket on the cable. 
CONCLUSION

